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SUMMARY 

This paper  presents  the  results of a br ie f - f l igh t   inves t iga t ion  
of the lateral s t a b i l i t y  and control  characterist ics of a high-speed 
f igh ter -a i rp lane .  The tests reported  herein w e r e  intended t o  be pre- 
l iminary  to  a f l igh t   inves t iga t ion   to  measure t h e   l a t e r a l - s t a b i l i t y  
derivatives. The variat ion of rudder and aileron  deflection,  pedal 
force, and lateral-force  coefficient  with angle of s ides l ip  are pre- 
sented  for Mach numbers  up t o  0.815.at an a l t i t ude  of 10,000 f e e t  and 
for Mach numbers  up t o  0.84 a t  an a l t i t ude  of 30,000 fee t .  Values of 
the   ra te  of change-of  lateral-force  coefficient  with  angle  of  sideslip 
determined from t h e   f l i g h t   t e s t s  and corrected for the  rudder  deflec- 
t i o n  required  for trim apeed   wi th  wind-tunnel results. B r i e f  measure- 
ments of the damping of the  controls-free  la teral   osci l la t ions showed 
tha t   the   cyc les   to  damp to   ha l f  amplitude  varied from  approximately 1.6 
t o  2.1 a t  an a l t i t ude  of 10,OOCI feet and from 2.6 t o  3.6 a t  3O,OOO f ee t .  
It w a s  found that the  rudder  tended  to  f loat   against   the  relative wind 
for  s m a l l  angles of s ides l ip  and that th is   a i rp lane  w a s  an example of  
one i n  which a t   l e a s t   p a r t  of the  unsat isfactory  la teral  damping char- 
a c t e r i s t i c s  appeared t o  be due t o  rudder  snaking.  Correlation between 
measured damping of the  controls-free lateral osc i l la t ion  and calculated 
damping of the controls-f ixed  la teral   osci l la t ion appeared t o  be good when 
allowance was made by an approxima*.method for  the e f fec t  of the rud- 
der motion. The evidence of agreement shown by the method of compari- 
son used in   the   ana lya is  does  not  necessarily  indicate  that all the 
s tab i l i ty   der iva t ives  and mass character is t ics  assumed in   the  theoret-  
i ca l   ana lys i s  are correct, however, eince  there i s  the poss ib i l i t y  of 
compensating errors .  . . 

- 
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INTRODUCTION 
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. 
The Flight .Research  Division  of-the NACA i s .  conducting  an invest i -  

gation  of  the dynamic l a t e ra l   s t ak i l i t y   cha rac t e r i s t i c s  of several  
modern, high-speed a i r c ra f t .  One phase of this investigation is con- 
cerned  with  the measurement i n  flight of the  la teral-s tabi l i ty   der iva-  
t ives  of representative modern f igh te r   a i r c ra f t .  The present  paper 
discusses  preliminary  results of a f l i gh t inves t iga t ion  of. t he   l a t e ra l  
s tabi l i ty   character is t - ics  of one fighter  airplane.  

At the i n i t i a t i o n  of t he   t e s t  program it was decided t o  make several 
f l i gh t s   t o   i nves t iga t e  .the gene ra l   l a t e ra l  handling qual i t ies  of t he   t e s t  
a i r c r a f t .  It- was f e l t  t h a t  these tests, made mostly at high  subsonic 
speeds, w e r e  a logical  start ing  point  preceding  the  actual measurement of  
the lateral-s tabi l i ty   der ivat ives  of the tes t   a i rp lane .  

\ 

During the  course of .   the   service accept-ance trials, many of the - .  

handling  qualities of th i s   a i rp lane  were measured i n   t h e   s t a b i l i t y  and 
control phase of the t e s t s .  The service tests included  an  evaluation 
of the  handling  qualities and sufficient  quantitative  data were obtained 
to.demonstrate compliance with  the  requirements of.SR-119B (reference 1). 
The tests  reported  herein were made tu permit a more thorough  analysis of c 

several  phases of the  lateral handling  qualities. 

r= 

- 

Because the actual  measurement of  s tabi l i ty   der ivat ives  has not 
yet  been  obtained, t h i s  paper i s  preliminary i n  nature and includes only  
the   t es t   da ta  of interest  obtained t o  date. 

DESCRIPTION OF A I R P m  

The test airplane was a single-place, two-engine,  ,jet=propelled 
fighter  with  an unswept low wing and a conventional t a i l  configuration. 
Stressed metal skin construction i s  u t i l i zed  throughout  with all l i f t i n g  
surfaces  being of the full cantilever  type. The girplane is- equipped 
with s p l i t   f l a p s  and speed brakes. There are trim tabs. on all conlzol 
surfaces. A three-view drawing of the   t es t -a i rp lane  i s  shown i n  figure 1 
and the  general  specifications of the  airplane  are  tabulated  in  table I. 
The t e s t  a1rplane.was  modified by the removal of the m u n i t i o n  cases 
and one of the  20-millimeter guns t o  provide  space  for  the instrumen- 
t a t i on  neceBsary for the tests. The test airplane had a .gross weight 
of 15,956 pounds w i t h  f u l l . s e rv i ce ,   p i lo t ,  and loaded  instruments with 
the  center of gravity  located a t -  25.5 percent  of--the mean-aerodynamic 
chord. . -. . 

. .  

. .  < 
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The aileron  control system of the test airplane i s  a push-pull  rod 

system with two completely  independent  hydraulic  boost  systems, one on 

of spare  parts  to  provide a t e s t   f a c i l i t y   f o r  the observance  of the 
operating  characteristics of a typical  service  booster system.  During 
these tests the  s ta t ic   boast  r a t i o  of the aiieron control system was 
measured and the results are shown i n  figure 2. The static boost   ra t io  
was determined t o  be approximately b:1 with a break-out  force  of'approx- 
imately 3 pounds. Additional  information on the amlane ' s   con t ro l -  
system character is t ics  is given i n  table I. 

" , each aileron. A bench mock-up of the  aileron  boost system was constructed 

I 

Standard NACA recording  instruments w e r e  used t o  meamre the fol- 
lowing quantit ies : indicated airspeed, pressure  alt i tude,   control 

velocitiee,  angular  accelerations, and the normal, transverse, and 
longitudinal  accelerations. These qpantit ies w e r e  measured with respect 
t o  the body axes. It should  be  noted that   the   la teral   accelerat ion was 
measured in   the   cockpi t  approximately 6 feet ahead of  the center of 

airspeed and a l t i tude  measurements were made w i t h  a-Kollman high-speed 
pi tot-s ta t ic   tube mounted approximately 1 chord ahead of the right wing 

of ins ta l la t ion  would probably have a posit ion error i n   t h e  static 
pressure of leas  than one-half of 1 percent  throughout  the t e s t  speed 
range.  Airspeed as used i n  th i s  paper i s  indicated  aimpeed and is  not 
corrected  for  position error. The recording sideslip vane and angle- 
of-attack vane were mounted  on a boom approximately one maximum fuse- 

5 positions,  control  forces,  sideslip angle, angle of attack,  angular 

. -  gravity and w a s  not  corrected for the   e f fec t  of th48 displacement. The 

L t ip .  Calibration of similar installations_has  indicated that t h i s  type 

- .  lage diameter "ahead of the nose. 

SYMBOLS 

B angle of sideslip,  degrees 

'r rudder deflection,  degrees 

amplitude of rudder  oscillation,  degrees 

- E a  aileron  deflection,  degrees 

* FP rudder  pedal  force, pounds 

.r 



4 

CY 

cyP 

cy% 

cm 

lateral-force.   coefficient.  

rate of change-of  lateral-force  coefficient with angle 
of .sideslip,  per-radian 

rate of change of lateral-force  coefficient  with  rudder 
-deTlection, per degree 

lie coefficient 

logarithmic decrement of lateral osc i l la t ion  

period of lateral o e c i ~ a t i o n ,  seconds 

time t o  damp t o  one-half  amplitude, second6 

- .  cycles . t o  damp t o  one-half amplitude. . 

work, foot -pounds 

yawing moment due to rudder  .deflection, foot-pounds per 
&gGee-. (.6r!~~ 

yawing-moment coefficient- - 

r a t e  of change of yawing-moment coefficient with rudder 
deflection, per degree 

dynamic pressure, pounda per  square.  foot 

wing area, square feet 

wing span, feet 

Mach  number 

angle of bank, degrees 

angle of yaw, degrees 

amplitude of yawing oscillation,  degrees 

phase  angle between rudder  deflection and angle of yaw 

moment of fne r t i a -  about  z-axis,  slug-feet 2 

c 
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m increment of kinet ic  energy,  foot-pounds 

ch hinge-moment coefficient 

chs rate of change of  hinge-moment coefficient with control 
deflection,  per &'wee 

C 
hf 

rate of change of hinge-moment coefficient  with  angle of 
yaw, per  degree 

ca, 
Pb/= flight-path  helix  angle,  radians 

P rolling  angular  velocity,  radians per second 

rate of change of hinge-moment coefficient w i t h  angle of 
attack, per & p e e  

v true  airspeed,  feet   per second 

v i  indicated  airspeed, miles per hour or knots 
. .. . 

iu 

equivalent  airspeed, miles per hour or knots  as  defined 
in   reference 2 

angular  frequency of periodic  function,  radians per 
second 

RESULTS AND DISCUSSION 

Control-free lateral osci l la t ions.-  The damping and period measured 
at several Mach numbers and a l t i tudes  is superposed on the cr i te r ion  
of SR-l lgB i n  figure 3 and indicates that, with the controls  free,  the 
damping of the tes t  airplane was marginally unsatisfactory w i t h  respect 
t o  meeting the handling-qualities  requirements a t  10,000 feet a l t i t ude  
and def ini te ly   unsat isfactory  a t  30,000 feet a l t i tude.  These t e s t s  were 
made i n  the clean  condition with power for l eve l  flight. The oscf l la t ions 
were i n i t i a t e d  by releasing the airplane from steady  sideslips. Srpical 
time his tor ies  of the l a t e ra l   o sc i l l a t ions  are presented i n  figure 4. 
Figures &(a) and 4(b) present all the measured quantit ies w h i l e  
figure  4(c)  presents a photopaphic copy of the records of some of the 
more important  parameters to show them i n  more de ta i l .  

- The character is t ics  of the damping of the lateral osc i l la t ion  of  
t he   t e s t  airplane are shown i n  figure 5 i n  another form. This figure 
is an example (not  taken from f ig .  4(c) )  of  the logarithmic  variation 

* - 
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of the  double- ampl'ltude of the ;yawing velocity wi th  time. I n  several 
runs a nonlinear  logarithmic  variation of amplitude with time was 
obtained. Such a ". nonlinear . . . variat ion can be-.caused by slight-roughness 
i n   t h e   a i r ,   b u t -   i n  some cases  recor-ds  of this  type were obtained i n  
apparently smooth air. This type of nonlinear  variation when measured 
in smooth air could be caused. by emall aileron  or  rudder motions o r  by 
nonlinear  stabil i ty derivatives. Figwe 5 i s  an example of the decrease 
i n  damping a t  s m a l l  amplitudes  obtained during a run  in  apparently 
smooth a i r .  

The data of figure 3 have been replot ted 3.n figure 6 i n  terms of 
the logarithmic decrement of the lateral osc i l la t ion  to indicate  the 
variation of the damping w i t h  Mach number'.  The logarltbmic decrement 
is obtained frm the slope of the  l inear  portion o f  the curve I n  log- 
arithmic  plots,  such as figure 5 ,  and is the log, of the   ra t io   o f  
successive peak  amplitudes  during a la te ra l   oscf l la t ion .   .The   logar i th-  
mic decrement d i s  rela-kd  to.-the ti-me t o  damp t o  half  amplitude  by 
the  following relatickship: 

As-indicated  in   f igure 6, the  value of the  logarithmic decrement was 
approximately 0.42 at M = 0.35, 0.34 at M = 0.50, and 0.35. at M = 0.70 
for   an   a l t i t ide  ..of IO,.OOO feet .  

Also p lo t t ed   i n  figure 6 are the results of some analytical   cal-  
culations of the  damping fo r  the tes tx i rp l ane .  These calculated 
values  of damping of the la te ra l .   osc i l la t ion  were based on ine r t i a  
values supplied by the manufacturer  corrected  for  fuel consumption and 

. instrumentation, and s t a b i l i t y  derivatives estimated by the methods of 
referenees 3 and 4. These controls-fixed  calculations  indicate a 
higher degree of damping than was measured wi th  controls  free. 

Examination of .the time. history  presented i n  figure 4 (c )  indicates 
that the rudder has a'€endency to   f l oa t   aga ins t  the re la t ive  wind 
(increasing right sidesl ip   resul t ing i n  increasing  right  rudder  deflec- 
tion)  over  the range of .tail angles of a t tack encountered in   these  maneu- 
vers. The rudder  deflection  lagged  the angle of yaw by about 20' with 
the result that there was a tendency t o  feed  energy  into  the  oscillation. 
This type of controls-free  la teral   osci l la t ion i s  an example of rudder 
snaking,  but i n   t h i s   ca se   t he  inf'luence of the rudder is suff ic ient  only 
t o  reduce the damping O f  the Dutch ro l l   o sc i l l a t ion   r a the r  than t o  pro- 
duce a constant  amplitude motion. 

1 

rn .. 

. 



Since the Slight test   data   indicated that the  posi t ion of the 
rudder was not  constant  during  the lateral oscillations,  an  estimate 
was made of the magnitude of the   e f fec t   tha t  rudder motion w o u l d  have 
on the computed logarithmic decrement. The  work  done per  cycle by a 
harmonically  varying  force upon a harmonic motion of the  same frequency 
i n  a system assumed t o  have one demee of Freedom. c d  be writ ten as 

where, fqr the  case under consideration, 

8 r O N s ,  
amplitude of yawing moment due t o  rudder  motion 

obtained from wind-tunnel 

% amplitude of yawing displacement  (obtained from yawing- 
velocity  recorder ) 

e phase  angle between forcing  Function 8, and displace- 
ment 4f 

In this analysis it w a s  necessary t o  assume that   for   the  cycle  con- 
sidered  the  airplane and rudder were osc i l la t ing  a t  & constant  ampli- 
tude  equal t o   t h e  average of successive maximum (posit ive) and min imum 
(negative)  amplitudes. 

The work per  cycle due t o  the rudder  oscil lation w a s  then campared 
t o  the loss in kinet ic  energy  per cycle which can be computed from the 
following  relationship: 

i n  which 4fl and q2 represent the maximum yaw angles at corresponding 

points on two successive  cycles. For example, it can be determined 
from the time history of figure 4(c) that the rudder i s  oscillating i n  
the cycle  indicated  with  an  average.  amplitude of approximately 0.270 
and the airplane i s  osc i l l a t ing   i n  yaw wlth an average  amplitude  of 
approximately l.mo. The phase  angle between the  rudder  displacement 
and the  airplane yawing displacement i s  approximately 20° with  the 
rudder  lagging. The work per  cycle f o r  this example is then 

- 
W = n~-O.27)( -0.0014)   (281)(294.1)(41.74!~ 1s sin 20° = 29 foot-pounds 

57.3 
.. 
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The loss in-  kinetic.  energy fo r  this -example i s  approximately 
. . - . - - - . " 

The work input from the rudder  motion and the loss in kinet ic  
energy  involve a gross energy of approximately 94 foot-pounds i n  t h i s  
example. Recomputing the  value  of q2 from equation (2). fo r  t h i s  

energy change gives an adjusted  value of $2 for  the  controls-fixed 
case  of  approximately 0.74'. The log decrement i s  correspondingly 
adjusted from the value of 0.334 a t  M = 0.51 i n . f igu re  6 t o  
d = 10% - = 

0.74 
0.58 which is i n  good agreement with the  controls-f  ixed 

calculated  value  of 0.60. T h i s  good agreement was obtained on four 
different  runs but the apparent  ameement  should  be viewed with caution 
not  only i n  view of.-t;he -assurrrptions made fn- correcting the measured log  
decrements but i n  view  of the f a c t  that the calculated  values may be 
in   e r ro r  due t o   e r r o r s   i n   t h e  assumed mass character is t ics  or i n  the 
values of the   s tab i l i ty   der iva t ives  used i n  the  calculations. 

It would be desirable  to  continue this phase of the  investigation 
and to measure thedamping  characteristics-throughout the altitude and ' 

Mach  number range of the  test   aircraft   with  the  control  surfaces  f ixed. 

Sideslip  characterist ics.-  The  s idesl ip  data which gave measurements 
of direct ional-s tabi l i ty   (var ia t ion of rudder  angle and force with 
sideslip  angle),  dihedral e f w t  (var ia t ion of aileron angle and force 
with sideslip angle), and the &de-force  characteristics  (varfation of 
angle of bank with angle of s idesl ip)   are  shown i n  figures 7 and 8.  
The data are presented  for. the two test- a l t i tudes  of approximately 
10,000 and 3Q,000 fee t -  for a Mach  number range from 0.20 t o  0.84. The 
data  of figure 7 were obtained  during  continuous  gradually  increasing 
s ides l ip s   t o  the r igh t  and to   t he  l e f t .  The rate of change of s ides l ip  
was a t  approximately 1/2O per second. The data of figure 8 were obtained 
during  steady sideslips. 

The d i rec t iona l   s tab i l i ty  as indicated by the  curves o f  rudder 
angle and orce wag always positive. The direct ional-s tabi l i ty  param- 
eter 36 p and the  directional-force  characterist ics  as measured 

by aF as measured -through zero sidesl ip  e& plotted  against  Mach 
number fo r  the two test a l t i tudes  in   f igure.  g ( a ) .  I n  preparing-' 
figure 9 the steady sideslip data of figure 8 as w e l l  as the r e su l t s  
of the  gradually  increasing  sidesiips of figure 7 were used. A t  

k 
P I  
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10,000 feet ,   the  parameter 86 a p  increased from about 1.2 at low 
speeds t o  about 2.4 a t  a Mach m b e r  of 0.74. Further  increase  in 
Mach  number t o  0.82 re su l t ed   i n  a decrease i n  a6 aP t o  about 1.8. 
At 30,000 feet ,  aEr/8p w a ~  approximately 1.3 and essentially  constant 
up t o  a Mach  number of 0 .TO. From a,Mach number of 0 .TO to 0.84, 

r/ 

r/ 

a p  increased  slightly and then  decreased t o  a value of  about 1.3 r l  
again. Rudder deflection was determined from the  position  of a control 
pushrod in the after portion  of  the  fuselage and was therefore  affected 
by twist of  the rudder or   d i s tor t ion  of  the  linkage. Because of the 
large  difference  in  dynamic pressure f o r  the two test a l t i tudes  at a 
given Mach nunber, it seemed l ike ly  that the differences between the 
values of 36 ./a@ measured at 10,000 f ee t  and a t  30,000 f ee t  w e r e  due 
i n  large measwe t o   d i s t o r t i o n   i n  the rudder  control system  and air- 
frame. Figure g(b) which is a plot of the parameters  of figure g(a) 
against dynamic pressure bears out this theory. Below the  point where 
Mach  number e f fec ts  are evident  the  curves are approximately l inear  and 
the values  approximately  equal  for  the two al t i tudes.  

The dihedral  effect  as measured  by the  var ia t ion of aileron  angle 
w i t h  s ides l ip  which is also  presented  in  figure 9 was approximately 
constant up t o  a Mach  number of 0.80 w h e r e  the sharp increase i n  &,/a@ 
indicates an increase i n  the   ro l l ing  moment due t o  s ides l ip  and/or a 
decrease -In aileron  effectiveness. There is a nonlinearity o r  o f f se t  
near  zero  sideslip i n  the var ia t ion of aileron  deflection  with  angle 
of s ides l ip  f o r  the  gradually  increasing  sideslip data of figure 7. 
This offse t  is probably due t o  the aileron deflection  necessary to  
produce the  slow rolling  velocity  in  the  gradually  increasing  sideslips.  
The values of a E a p  were therefore measured a t  iarge enough s ides l ip  
angles so that the measured slope was not  dependent on the f a i r ing  i n  
the  region of the  offset .  It-was fe l t  that the slopes measured i n  this 
manner  would be more representative of the  character is t ics  of the air- 
plane. 

A t  the lower test  Mach numbers the  var ia t ion of e levator   posi t ion 
and control  force  with  angle of s ides l ip  w a s  small. However, a t  Mach 
numbers above approximately 0.8 the var ia t ion of elevator  control  force 
with s i d e s u p  became erratic with abrupt changes of as much 88 20 pounds. 

The angle of bank w a ~  always i n  the same direction as the  angle of 
s idesl ip .  The angle of bank required  to  hold  a  steady  sideslip w a s  
generally small at low speeds - Z  0.5 . Because the side force  for  a 

given  sideslip  angle varies approximately as €he dynamic pressure, the 
angles of bank required  increased  rapidly at the higher test speeds. 

) 
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I n  wind-tunnel ..tests the  side-force  derivative i e  measured 
cyP 

1 

by yawing the model with the rudder in   neutral .  In f l igh t   t he   p i lo t -  
must deflect-   the  rudder  to produce a steady  sideslip and therefore 

cannot be measured directly.  To obtain a comparison of-wind-tunnel and 
flight- measurements of side-force  characteristics,  the  valuee of the 
side-force  derivative measured in flight were. corrected  for  the side 
force.,due t o  rudder  deflection by using  wind-tunnel data to obtain 
values o f -  Cy . The var ia t ion of' the side-force  derivative 

with Mach.number as computed from the var ia t ion of angle  of bank with 
s ides l ip   angle   in   s ides l ips  i s  presented i n  figure 10. The value of the 
side-force  derivative wLth ruader  deflected  for trim i s  also plot ted 
i n  figure 10. 

cyP 

6, % 

The  side-force  derivative was essentially  constant with % 
increasing Mach number up t o  a Mach  number of  0.75. A t  low Mach num- 
bers wae approximately -0.63 increaeing  to  about -0.70 a t  a Mach 

number of 0.75. .From M = 0.75 t o  0.84, 
P 

%a de 
creased t o  a value 

of  about -0.48. The  values of C y  obtained. &om the f l i g h t  test data 
B - 

e r e   i n  good agreement with the  values measured i n  wind-tunnel tests as 
shown i n  figure 10. .. . ... . . . 

Rudder control  characterist ics.-  Thsrudder  control  characterist ic8 
measured i n  abrupt  rudder  kicks are shown i n   f i g w e  11. A t  10,000 feet, 
Vi z 240 miles per '  hour, a sideslip  angle-of  about 20° resul ted from 

an abrupt maximum rudder  deflection of about 17O.  A t  30,000 feet ,  
Vi X 335 miles per hour, a maximum sideslip angle  of--about 8' resulted 

frm a rudder  deflection  of  about 6O which was limited t o  this value by 
the-large  control...force  required. ' As shown i n   f i g u r e   I l ( a ) ,  no appre- 
ciable  difference-.:in  the  rudder  control  characteristics was noted at 
landing speeds- between.the  clean  cQndition. and the landing  condition. 
L e f i  rudder  force w a s  always required,   for  left-rudtkr deflections and 
right rudder force for right rudder  deflection. No reversal  of rudder 
forces  ever occimred. 

Rudder hinge-moment character is t ics .  - The rudder. hinge-moment 
character is t ics  measured i n  abrupt  rudder  kicks are presented i n  
figure 12. The data were calculated from time hlstorieiiof  rudder kicks 
made at both 10,W and 30,OOO f e e t  fk.om M = 0.20 t o  M = 0.77. . 

The variat ion of hinge moment due t o  rudder deflection a8 a function 
of rudder  deflection  presented  in figure 12(a), which was obtained from 
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t he   i n i t i a l   po r t ions  of the  step maneuvers during which the   s ides l ip  
angle was essentially  constant,  is l inear  up t o  a rudder  deflection of 
about a O 0 .  The slope i s  -0.0113 through  this  range of rudder 

deflec€ion. For  rudder  deflections above 10' a possible  increase  in C 

is indicated by the  data  of figure 12(a) .  

ch8 

h8 

The hinge moment due t o  change in   s ides l ip   a lone  was determined from 
the second portion of the rudder-kick  time  histories  during which the 
rudder  deflection was held  constant  while the sideslip  gradually  increased. 
A correction was applied  for any inadvertent motion of the rudder. As 
noted i n  the section on cont ro l - f ree   l a te ra l   osc i l la t ions ,   there  w a s  
evidence  during  several of t he   l a t e ra l   o sc i l l a t ions  of a tendency fo r  
the  rudder to   f l oa t   aga ins t   t he   r e l a t ive  wind. This  occurrence would 
indicate a negative  value  for which can be considered  approximately 

equivalent t o  a positive  value  of i f  the sidewash is  considered 
t o  be small, a t  small .angles  of  sideslip 6 7 50). To assist i n   t h e  
f a i r i n g   a t  small angles of s ides l ip  of the  curve of hinge-moment coef- 
f ic ient   against   s idesl ip ,  shown in  f igure  12(b),   values of the variat ion 
of Ch with f3 were calculated from the r a t i o  of rudder t r a i l i n g  angle 

t o   s i d e s l i p  angle i n  rudder-free  la teral   osci l la t ions.  It was found 
tha t  the maximum value of ch caueed by the tendency to  f loa t   aga ins t  
the   re la t ive  wind was approximately 0.004 a t  2O or 3 O  of s idesl ip .  

."" . . .  

Rolling  characterist ics.-  The variat ion of roll ing  effectiveness 
wi th  aileron deflection  (boost  on) a% the test  a l t i tudes  of 10,000 and 
30,000 feet i s  @resented i n  figure 13. Within the capabi l i ty  of the 
booster  the  required  control  force  and  the change in   ro l l i ng   ve loc i ty  
obtained  fn  abrupt  rudder-fixed  aileron  rolls  from w i n g s  *level flight 
varied smoothly with  aileron  deflection throughout  the Mach  number range 
tested. The p i l o t  did not  consider  the 2- o r  3-pound breakout  force 
t o  be  objectionable. It should be noted that the  abrupt  increase  in con- 
t r o l  force  occurs when the  capabi l i ty  of the  aileron  booster i s  exceeded. 
The rolling  effectiveness  wlth the f laps  and gear down  was checked a t  
5,000 feet ( f ig .   13(c) )  and the  character is t ics  were found t o  be 
sat isfactory.  

The var ia t ion  of the  aileron  rolling-effectiveness  parameter pb/2V, 
as limited by full aileron  deflection  or 30-pound control  force  (boost 
on),  with  airspeed i s  presented  in figure 14. Figure 14 also shows the  
corresponding  variation of rolling velocity,  control  force, and t o t a l  
aileron  deflection. The ro l l i ng  performance  of the   t es t   a i rp lane  exceeds 
the  requirements  of SR-IlgB up t o  approximately 315 knots (Vi) at the 
test  a l t i t ude  of 10,000 fee t .  F r o m  31.5 knots t o  410 knota, the helix 
angle obtained  decreases from &out 0.09 t o  0.06. Although the   ro l l i ng  

Y 
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requirements,at 30,000 feet are not  specified, the test  a i rplane  sat-  
isfied the low-altitude  requirements up t o  an indicated  airspeed of 
approximately 200 knots. From 200 knots t o  the maximum t e s t  speed of 
approximately 275 knots  the  rolling  effectiveness  pmameter pb/2V for  
a 3O-pound aileron  control  force  decreased from about 0.09 to 0.07. 

The following  conclusions may be drawn from the present flight 
investigation of t h e - l a t e r a l   s t a b i l i t y  and control  characterist ics of 
a high-speed fighter airplane reported  herein: 

1. The damping of the controls-free  la teral   osci l la t ion of the 
tes t   a i rp lane  was marginal and did  not meet the  requirements of SR-1193. 
The cycles   to  damp to half amplitude  varied from approximately 1.6 t o  2.1 
a t  an  a l t i tude of 10,000 f'eet an& from 2.6 to 3.6  a t  30,000 feet. There 
was evidence  (for  sideslip  angles less than 3') of' a positive  value of 
Cha, the hinge-moment coefficient due to .   angle .  of attack, which corre- 
sponds t o  a tendency for   the  rudder to   f loa t - .aga ins t   the   re la t ive  wind. 
T h i s  airplane is  an example oFone   i n  which at  least par t  of the unsat- 
i s fac tory   l a te ra l  damping characterist ics  appears  to be  due t o  rudder 

.. 

S=king ,  

2. The d i r ec t iona l   s t ab i l i t y  of the test airplane was always 
posit ive.  

3. The dihedral   effect  as indicated by the parameter a6a/ap WE 

posit ive and essentially  constant up t o  Mach nuniber of 0.80 above which 
a s a p  increased  abruptly. 

4. The side-force  derivative was approximately  constant % 
with increasing Mach  number up t o  M = 0.75. F r o m  M = 0.75 t o  M = 0.84, 
C decreased frrom &bout -0.70 t o  about -0.48. The. values of C 

derived from the f l i g h t  test  data are i n  good agreement with  wind-tunnel 
value 8 .  

yP yP 

5 .  The' Value O f  ch , the  hinge-moment coefficient due to rudder 6 
deflection, w a s  l inear  up t o  a rudder deflection of approximately f l O O  
and was e.qual t o  approximately -0.0113 a h  an  unbalancing  tab  ratio 
of 1 .4: l .  - 

6. The ro l l i ng  performance of the test airplane exceeds the  require- 
ments of SR-llgB with  the  aileron  boost on a t  10,000 f'eet up t o  
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a P P r o x ~ t e l Y  315 knots. From 31.3 knots t o  410 knots there is a decreaae 
i n   r o l l i n g  Performance a8 indicated by the decreaae i n  helix angle from 
0.09 t o  0.06. 
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TABLE I 

GENE-RAL SPECIFICATIONS OF THE AIRPLANE 

Engines : 
Type . . . . . . . . . . . . . . . . .  Westinghouse 24C-4B turbo-jet 

Rated normal, rpm . . . . . . . . . . . . . . . . . . . . . .  11,800 
Normal s ta t ic   th rus t   a t   sea   l eve l ,   lb  . .  ; . :. . . . . . . . .  2620 

Wing: 
Total  area, sq f t  . . . . . . . .  
Span, f t  . . . . . . . . . . . .  
Mean aerodynamic chord, f t  . . .  
Aspect r a t i o  . . . . . . . . . .  
Taper r a t i o  . . . . . . . . . . . .  
Root chord, f t  . . . . . . . . .  
Incidence- t o  fuselage .reference 

l ine,  deg . . . . . . . . . .  
Twist, deg . . . .  ". . . . . . .  
Dihedral, de@; . .  -. . . . .  .- . 
Sweepback of leaaing edge, deg- . 
Airfoil   root  section . . . . . .  
Air fo i l   t i p  section . . . . . . .  

Tip  chord, f t  . . . . . . . . . .  

. . . . . . . . . . . . . . .  294.09 

. . . . . . . . . . . . . . . .  7.36 . . . . . . . . . . . . . . . .  5.89 . 0 . . . . . . . . . . . . . .  . 0 . 5 2  . . . . . . . . . . . . . . . . .  8.41 . . . . . . . . . . . . . . . . . . .  4.33 . 

. . . . . . . . . . . . . . .  . -1/2 

. . . . . . . . . . . . . . .  L 41.62 

. . . . .  

. 

. . . . . . . . . . . . . . . . .  0 . . . . . .  : . . . . . . . . . . .  3 . . . . . . . .  - a  . . . . . . . . . . .  0 
. . .  

.... 

. . . . . . . .  : . . .  NACA 651-212 . . . . . . . . . . . .  NACA 63-209 

Aileron: 
Ty-pe of aileron . . . . . . . . . .  :. . .  Plain  f lap,  24-percent  chord 
Area a f t  of hinge l ine,  

each, sq f t  . . . . . . . . . . . . . . . . . . . . . . . . . . .  9.42 
Span, f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.36 
Travel, deg . . . . . . . . . . . . . . . . . . . . . . . . . .  +_20 
Balance tab area, e q  f t  . . . . . . . . . . . . . . . . . . . . . . .  1.32 
Balance tab mwemeni, ( r a t i o  adjustable 
from 0 t o  1:l) deflection used, deg . . . . . . . . . . . . . .  58 

T r i m  tab  area, sq f t  . . . . . . . . . . . . . . . . . . . . . . .  0.79 
T r i m  tab inovement, deg . .  i . . . . . . . . . . . . . . . . . .  530 
Control  stick movement, deg . . . . . . . . . . . . . . . . .  C22.6 
Control  st ick  length  to  center of grip, ft"-;- . . . . . . . . . .  1.2 

. . . . . .  

. . . . .  Flaps : . -. 

. . . . .  . . .  - . . . . . . . . . . . .  - ... 
m e  . . . . . . . . . . . . . .  1 . . .  ; . . . . .  i . . . . . . .  S p l i t  
Total area af t  of hinge l ine ,  sq ft' . 7.. . . . . . . . . . . .  22.23 
Flap  deflection, deg . . . . . . . . . . . . . . . . . . . . . . . .  60 

"997 
" 
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TABLE I 

GENERAL SPECIFICATIONS OF TKE AIRPLANE . Concluded 

Horizontal   ta i l :  
Total  area. sq ft . . . . . . . . . . . . . . . . . . . . . . .  69.87 
Span. ft . . . . . . . . . . . . . . . . . . . . . . . . . . .  18.03 
Mean aerodynamic chord. f t  . . . . . . . . . . . . . . . . . .  3.95 
Aspect r a t i o  . . .  : . . . . . . . . . . . . . . . . . . . . .  4.65 
Taper r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . . .  0.60 
Incidence. deg . . . . . . . . . . . . . . . . . . . . . . . . .  0.42 
Dihedral of chord  plane. deg . . . . . . . . . . . . . . . . . . .  0 
Section . . . . . . . . . . . . . . . . . . . . . . . . .  NACA 65-011 
Type of elevator . . . . . . . . . . .  Plain  flap. 30 percent chord 
Elevator  root mean square chord. f t  . . . . . . . . . . . . . .  1.135 
Elevator  area af t  of  hinge l ine.  total. sq f t  . . . . . . . . .  17.G 
Elevator span. f t  . . . . . . . . . . . . . . . . . . . . . . .  7.85 
Elevator  travel. deg - . . . . . . . . . . . . . . . . . . .  212. -18 
T r i m  tab area. sq f t  . . . . . . . . . . . . . . . . . . . . .  0.76 
Trim tab movement. deg . . . . . . . . . . . . . . . . . . . . .  220 
Spring  tab  area.  sq f t  . . . . . . . . . . . . .  ._. . . . . . .  11k3 
Spring  tab movement. &g . . . . . . . . . . . . . . . . . . . .  k30 
T a i l  le-ngth from lead'ing edge of wing t o  25-percent 

M.A.C. of horizontal   ta i l .  f t  . . . . . . . . . . . . . . . .  18.77 
Control  stick movement f o r  full 

elevator  deflection. deg . . . . . . . . . . . . . .  -13.4, t18.6 
Control stick length t o  center of grip. f t  . . . . . . . . . . .  1.9 

Vertical  ta i l :  
Area. s q   f t  . . . . . . . . . . . . . . . . . . . . . .  
Span. f t  . . . . . . . . . . . . . . . . . . . . . . .  
Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . .  
Section . .  i . . . . . . . . . . . . . .  : . . .  . . .  
Tail   length from leading edge of wing 

t o  25-percent.M.A.12. of ve r t i ca l  tail.  f t  . . . . . .  
Rudder area.  sq -ft . . . . . . . . . .  - . . . . . . . .  
Rudder span. f t  . . . . . . . . . . . . . . . . . . . .  
Rudder root mean square chord. ft . . . .  i . . . . . .  
Tab area.  sq f t  . . . . . . . . . . . . . . . . . . . .  

.Rudder travel.  deg . . . . . . . . . . . . . . . . . .  
Tab t rave l  as a t r i m  tab. deg . . . . . . . . . . . . .  
Tab travel  as  an  antibalance  tab. . deg . .  .-. . . . . .  
Pedal movement fo r  full rudder  deflection. in . . . . .  

. . . .  38.36 . . . .  7.17- . . . .  1.34 . NACA 65-011 

. . . .  18.96 . . . .  10.13 . . . .  7.17 . . . .  1.43 . . . .  0.91 . . . . .  *X) . . . . .  f10 
-27.5, "25.8 . . . .  13.25 

Fuselage : 
Length. ft  . . . . . . . . . . . . . . . . . . . . . . . . . .  40-15 
Width. f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.91 

. 
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Figure 1. - Three-view drawing of the test airplane. 
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Figure 2.- The vaxiation of aileron control force with control-surface 
hinge moment as measured on a bench eetup. 
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Figure 3! - Measured damping of the lateral oscf l la t ion  with controls free. 



(a) M = 0.53; hp = 10,200; Vi = 332 miles per hour; CL = 0.17. 

Figure 4.- T - h e  h i s tor ies  of b t e r a l  oeci lht ion  fol lowing releaae from 
a steady  sideslip;  clean condition. 



. . . . . . . . . . . . . . 

Figure 4.- Continued. 

. .  . . 
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Time, sec 

Figure 5.- Variation  of-double  a&plitude.of yawing velocity with t-ime 
during a controls-free lateral osc i l la t ion  of  the  tes t   a i rplane.  
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Figure 6.- Comparison of the calculated controls-fixea damphg wlth the 
measured controls-free dmping of the Lateral oscillation. 
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/ef f 
Si&.d/p ung/q dq 

(a) Vi = 142 miles  per.hour; hp = 10,000 feet ;  M = 0.22. 

Figure 7.- Sideslips i n  the clean condition measured at two test a l t i t ude  
of 10,000 and 30,OOO feet. 

S 



/ef f 
Slb/es/lp unyle, dy 

(a) Vi = 231 miles per hour; hp = 10,600 feet ;  M = 0.37. 

Figure 7.- Continued. 



, 
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(a )  Vi = 394 miles  per hour; hp = 9 9  200 feet;  M = 0.61. 

Figure 7.- Continued. 
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Sideslp m y / . .  de9 

(e) Vi = 468 miles per hour; hp = 9,700 feet; M = 0.715. 

Figure 7.- Continued. 



(f) Vi = 483 miles per hour; hp = 8,800 feet; E4 = 0.74. 

Figure 7.- Continued. 
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Sides+ a y ' e ,  deg 

( g )  Vi = 139 miles per hour; hp = 29,500 feet; M = 0.33. 

Figure 7.- Continued. 

I- 
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(h) V i  = 232 miles per hour; hp = 29,300 feet;  M = 0.54. 

Figure 7.- Continued. 



(i) Vi = 310 milee per hour; hp = 29,900 feet; M = 0.71. 

Figure 7. - Continued. 

.. 
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SX?kshp a@e, deg 

(3) Vi = 336 miles per hour; hp = 29,100 feet; M = 0.76. 

Figure 7.- Continued. 
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(k) V i  = 347 miles per hour; hp = 29,200 feet;. M = 0.78. 

Figme 7.- Continued. 
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( 2  1 Vi = 354 miles per hour; hp = 29,000 feet; M = 0.79. 

Figure 7.- Continued. 



(a) Vi = 374 miles per hour; hp = 28;600 feet; M = 0.83. 

Figure 7.- ContFnued. 

. 
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(n) Vi = 381 miles .per hour; hp = 28,200 feet; M = 0.84. 

Figure 7.- Concluded. 



. . . .  . 

Figure 8.- Sideslip characteristics in the clean condition from spot recorda 
of steady sidesllps. 
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Mach nunkc M 

(a) With Mach number. 

Figure 9. - Variation of aFP/ap, &,/ag, and as,/ap with Mach number 
and dynamic pressure. 
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(b) With dynamic preesure. 

Figure 9.- Concluded. 



. . . . . . . . .  . .  
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Mach w m b  et- c 
P 

Figure 10.- Variation of the side-force derlvative Cy with Mach number. 
B 

. . .  
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CMnye in rudder def/ixiioo, dey 

(b) 30,000 feet. 

Figure 11. - Concluded. 

JT 
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(a) Change in rudder hinge moment due t o  change i n  rudder  deflection. a .  

Figure 12.- Rudder hinge-moment characteriaticB measured a t  10,000 and 
30,000 feet-. (Unbalancing tab r a t io  1.4:1. ) 



c 
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(b) Change in  rudder hinge moment due t o  sideslfp  angle. 

Figure 12.- Concluded. 

- 
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Chmp A ui/eron def/ect/m, d e +  

(a) 10,000 feet. 

Figure 13.- Roll ing characteristice of the teat airplane measured ir 
abrupt .a i leron r o l l s  from wings  level  flight, 

c 
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Chanpe ,h oi/eron d&/ececfion, deg. 

(b) 30,000 feet. 

Figure 13. - Continued. 
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(c) Landing condition,. 205 miles per hour (178 knots ) at &z1 altitude 
of 5,000. feet. 

Figure 13.- Concluded. 
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/bo I I I 
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Airtsps sd, V, , knots 
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numkp 
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(a) 10,000 feet. 

Figure 14. - Variation of control force, . r o l l i n g  velocity, total ai leron 
angle, and hel ix  angle with airspeed measured in abrupt a i leron ro l l s  
from w i n g s  l eve l  flight. 



(b) 30,000 feet .  

Figure 14. - Concluded. 
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